Abstract-We have demonstrated a scalable dual-band tunable infrared filter based on gating of a continuous graphene layer. The measured and modeled response of the device are in good agreement.
I. INTRODUCTION
Tunable solid-state filtering of infrared light remains a topic of intense interest. A reason for this interest is the emergence of graphene and the straightforward means to control its infrared optical response through modification of its carrier density [1] [2] [3] [4] [5] [6] . However, due to its two-dimensional nature, the graphene response is heavily influenced by its environment including metal contacts and the surrounding dielectrics. Specifically, metal contacts can lead to pinning of the graphene Fermi level (EF), preventing tunability, while the dielectrics can strongly modify the graphene optical response through interaction between the graphene plasmon and the dielectric phonons [1, 7] . Being atomically thin and in essence a surface, long-term functionality of graphene also remains a concern for these devices. Previous studies have demonstrated that prolonged exposure of graphene to ambient conditions can lead to increased impurity charges in the graphene through adsorption of water or other contaminants onto the graphene [8] . To prevent this, graphene can be capped with a dielectric layer which serves to protect it from environmental factors.
II. DEVICE DESIGN
With these factors in mind, we designed, modeled and tested a dual-band tunable filter for long-wave infrared frequencies. Tunability in this device arises from excitation of plasmons within a graphene layer. In contrast to previous graphene-based tunable filters, this device avoids patterning of the graphene itself and prevents contact between graphene and metal structures, an advantage that avoids Fermi level pinning of the graphene. A schematic of the device is shown in Fig. 1 . Graphene is sandwiched between two dielectric layers: 150 nm of SiO2 below and 20 nm of HfO2 on top. After deposition of the HfO2, a 50 nm thick gold grating is patterned on the top surface. This grating has a periodicity of 1.2 μm and a gold width of 1.1 μm. The grating serves multiple purposes: first, it acts as the primary gate for graphene allowing us to employ the high-k dielectric nature of HfO2 for injection of charge into graphene; second, field enhancement within the small gap results in increased interaction of incident light with the continuous graphene sheet; lastly, the resonant response of the grating itself contributes strongly to the overall response of our device as will be discussed below.
III. SIMULATIONS
Simulations were performed in Comsol Multiphysics using ellipsometrically measured optical properties of the dielectrics, metal, and silicon in combination with graphene properties calculated using the random phase approximation. To understand the device response, we decompose the device into its components to assess how each element influences the total response. First, reflection from the grating structure is examined under normal incidence assuming a non-dispersive dielectric with an entirely real index of 1.5 as shown by the black curve in Fig. 2 . The broad resonance of the grating response is dependent on both the period of the device as well as the fraction of the device covered in gold. Next, realistic dispersive optical properties of the oxide are added to the simulation. With this addition, a band of increased reflection is present in the middle of the broad grating response (red curve in Fig. 2 ). This reflectance band results from the two optically active SiO2 phonons present at 8.6 and 9.4 μm respectively. Finally, with addition of graphene to the structure (both without and with realistic oxide), we arrive at the overall device response, assuming a graphene Fermi level of 0.5 eV. This response, shown in Fig. 2 (blue and green curves) , differs from the graphene-free response in the shift of the resonance positions resulting from both the presence of graphene as well as excitation of graphene plasmons in the unpatterned graphene Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003523. Fig. 2 . Simulations of the structure reflectance assuming no graphene and non-dispersive dielectrics (black), no graphene with disperive dielectrics (red), graphene and non-dispersive dielectrics (blue), graphene and disperive dielectrics (green). These results show how the device response is constsructed with each added layer with SiO2 functioning analogously to an additional filter layer and graphene enabling tunablity.
sheet.
Given this understanding of the device, we can examine the Fermi level dependence of the simulated reflected spectra. These spectra are shown in Fig. 3a for a range of Fermi energies of 0.1 eV to 0.8 eV. In contrast to the results shown in Fig. 2 , these spectra were simulated for non-normal incidence to more closely match our FTIR microscope, which collects light for angles ranging from 8°-23°. This change in incidence angle primarily results in an additional spectral feature: the flat region around a wavelength of ∼8 μm. From the simulated response, a clear blue shift of the entire spectrum is observed with increasing Fermi energy.
IV. RESULTS
The simulated devices were fabricated and characterized electrically and optically, using Fourier transform infrared spectroscopy (FTIR). Transport results allow for extraction of the device properties, including contact resistance and graphene mobility, prior to FTIR measurements. One characteristic current-voltage trace for our gated graphene device is shown in Fig. 1 . This curve is fit as in previous studies yielding a charge neutrality voltage VCNP=-2.2 V and a graphene mobility of μ=760 cm 2 /Vs [9] . Measured normalized reflectance spectra for this device are shown in Fig. 4 for gate biases of -4 V, 0 V, and 6 V, corresponding variation in Fermi level of EF≈0.15-0.4 eV. Shifts in the position of the minima at wavelengths of both ∼8 μm and ∼11 μm are apparent with the shorter wavelength minimum shifting by 230 nm and the longer wavelength minimum shifting by only 50 nm. The larger tuning range of the lower wavelength band is in good agreement with our simulation results as is the total tuning range of this mode.
These results show the feasibility of a tunable and scalable graphene filter. This device avoids pattering of graphene, as well as direct contact between a metallic grating and graphene. The addition of a capping oxide should serve to enhance the stability of these device for long term use.
